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FRAGMEHTATION OF METEOR BODIES 

Geomagnetizm i Aeronomiya, 

Iedatel ' s tvo llNAUKA1l, 1965. 
Tom 5,  NO. 1, 104- 112 

S U M M A R Y  

by V, G, Kruchinenko 

The photometric analysis of meteors shows a n o d o u e l ~  low 
values of meteor p a r t i c l e  density and its decrease along the  meteor 
path. It is shown, t h a t  these anomalies can be explained by the pre- 
sence of gradual fragmentation. A f ac to r  of meteor fragmentation fs 

obtained as a function of m a m .  

going no fur ther  fragmentation, cons t i tu te  lo4 + loo6 g. A dist r ibu-  
t i o n  function by m a s 6 e s  is obtained f o r  meteor bodies, taking i n t o  ac- 

It is shown t h a t  the minimum m a s s e s  of meteor particles, under- 

count the fragmentation factor.  

* 
* * 

Analysis of the base meteor photographs provides the poss ib i l i -  
t y  of obtaining the veloci ty  heights, the mass deceleration6 and other  
cha rac t e r i s t i c s  of meteor bodies a t  various poin ts  of t h e i r  path. U t i -  
l i z i n g  these da ta  and the  equations of physical theory of meteors, i t  
is possible t o  detern?ine the density of the t e r r e s t r i a l  atmosphere in 
the 80- 120 km a l t i t u d e  range by assigning oneself the density of the 
meteor body. 

With the ava i l ab i l i t y  of data on the densi ty  of the  t e r r e s t r i a l  
atmosphere, obtained with the aid of rockets  and s a t e l l i t e s ,  s ign i f i can t  

* D R O B L E N I Y E  M E T O R N Y K B  T E L  
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deflect ions of meteor data f r o m  those obtained by rockets w e r e  revealed; 
they  vary with height and depend on the assumed density of the meteor 

body as w e l l  as on the brightnese of meteors themselves, Thus, the curve 
of atmosphere density variation, obtained by the bright meteors and bolides, 
shows a s igni f icant  deflection from the mean curve obtained from rocket 
data, though its inc l ina t ion  is the  same. Therefore, the values of atmo- 
sphere density gradient, obtained by both methods, are in agreement. 
The curve discrepancy may be reduced t o  minimupn by decreasing the den- 
s i t y  of meteor bodies t o  1.0- 0.01 g cm-3, S t i l l  greater  anomalies are 
obtained f o r  w e a k  meteors ( t o  +3m, sometjlnes t o  +bm), photographed by 
Super-Schmidt camera8 [l]. Observed f o r  most of these meteors are the too 
great deceleration and m a s 8  loss at vaporization, which aan not be ex- 
plained by atmosphere density variations.  All these phenomena are ex- 

plained in [l] by a gradual fragmentation of meteor bodies, having a 
porous and friable s t ructure .  Such kind of anomalies a re  also observed 
f o r  bright meteors, t o  which it w i l l  be re fer red  in the present work. 
The d i s t inc t ion  apparently consis ts  only in t h a t  among 
(br ighter  than #>, 
character is t ics .  A t  any rate, i t  is  qui te  clear t h a t  the parameters of 
the upper atmosphere, obtained with the a i d  of rockets, are known rarrch 
b e t t e r  than the propert ies  of meteors and meteor bodies. U t i l i z ing  the 
atmosphere dens i t ies  from rocket data, i t  is possible t o  derive spec i f i c  
conclusions on the  propert ies  of meteor bodies. 

b r igh t  meteors 
t h e i r  l esser  percentage is observed with anomalou~ 

For most of meteors endowed with noticeable deceleration, the 
dens i t ies  are obtained very low (10" - gcm 3 ). This, and other ano- 

malies, to which i t  was referred above, disappear, provided one assumes 

t h a t  we have t o  do w i t h  poorly packed "dust balls" or  with bodies of 
porous s t ruc ture ,  already dis integrat ing a t  low aerodynamic pressure of 

i n t o  separate *tgrainsl' or fragments with - lo4 -loo5 

* 

4 -10 dyne 

go mass, r a the r  than with durable stone o r  iron meteor bodies [3] . These 
fragments a re  most probably endowed with normdl density, and the vapor%- 
t a t ion  of every one of them is subject  t o  the meteor physics equation 
for a s i n g l e  noncrushing meteor body. The fragmentation process progresses 
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with the increase of aerodynamic pressure; p a r t  of fragments, undergoing a 
greater  deceleration than t h e  main meteor body, form the  meteor tai l .  The 
la t te r  appears on photographs obtained w i t h a s h u t t e r  in the form of l i g h t  
patches between meteor strokes. Such photographs a re  fairly often enconnter- 
ed. Xoreover, meteors with clear ly  expressed tai ls  were more than once 
visually observed, 14, 5 1. 

R e s u l t s  of Analysis of Meteor Photographs.- Let u8 ernmrlne the 

the r e s u l t s  of kinematic and photometric processing of photographs of five 
selected meteors with c l e a r l y  expressed deceleration, photographed at  
observation s ta t ione  of the Astronomical Observatorfofgiyev University 
(Lesniki and Tripoltye) in the  years 1958 and 1959, using HAFA-3c/25 
cameras. The masses of meteor bodies are determined as a r e s u l t  of inte- 
grat ion of photometric curves I = I (t) 

where M is the  ma66 of the meteor body at  the  point corresponding t o  the 
time t;  tk is the moment of meteor vanishing; 1 is the in t ens i ty  of 
meteor radiat ion;  2, is the luminosity f ac to r  ( the  f r ac t ion  of k ine t i c  
energy having passed i n t o  radiat ion in the v i s i b l e  par t  of the spectrtlm); 
V' is the  meteor velocity. The dens i t ies  of meteor bodies are determined 
by the deceleartion 9, as is w e l l  known : 

where c is the drag coefficient;  p is the atmosphere density at the given 

height according t o  rocket data [ 6 ] ;  A is the form fac to r  (coef f ic ien t  of 
shape) 

80, VO, AI0 are respect ively the  cross section, volume and maas beyond the 
atmosphere; )" is the parameter of shape [7], linking the ma66 and cross  
sect ion var ia t ions i n  the process of meteor body vapori ta t ion 

* / e  e 
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SlSo (M/Mo)”. (3) 

kccording t o  (3) ,  we have a t  vaporization of a noncrnshing 
meteor body 

2/a 2 p 0. 

The r e s u l t s  of computations, conducted by formula.6 (1) and (21, 

ere compiled in Table 1 hereafter. 

. 0,0272 0,346 
0,0256 0.?24 

TABLE 1 

0,0248 
0,0216 
0,0176 0,00153 

0,0854 
0,0374 
O,IW)600 

N. B.- Here I& and 6, are respectively the 
masses and the densit; of the geteor body at point6 of 
meteor’s path, for which the deceleration ie known; 

appearaqce on the film. 

It should be noted that for  the computations, i t  wae admitted 

is the ma66 of the meteor body at the point of i t 6  

t h a t  A = 1.21 and p = 73 . This is valid for spherical  meteor bodies, not 
changing t h e i r  shape in the vaporization proces6. It say be seen from 
Table 1, that  anomalously low densi t ies  of meteor bodies a r e  obtained, 
which, nmreover, decrease in time. How can w e  explain such results? 
For the  computation of densities of meteor bodies we admitted t h a t  drag 
coeff ic ient  rz 0.5. Speaking of vaporization of a single  meteor body, 
such r e s u l t s  cannot be explained by e r ro r s  i n  the assumed value of r. 
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Nor can t h i s  be explained by e r r o r s  i n  the density of the atmosphere 
or deceleration ve loc i t ies  and masses of meteor bodies. 

The r e l a t ive  error in the computation of the density of the 
meteor body by formula (2) can be obtained from the expression 

In the right-hand part of the formula (under the rad ica l )  the 
addend ( AA / A I 2  , concerning the r e l a t i v e  error i n  the assumed value of 
the coeff ic ient  of shape, has been dropped. This w a ~  done in connection 
with the f ac t ,  t h a t  at p # '15 the measurement range of A is suffi- 
c ien t ly  great  (we s h a l l  pause at t h a t  below in  more d e t d ) .  If we admit 
the mFuimum r e l a t ive  errore 

& AV A i  
=+1,0, -=*2,0, -=&0,02,-=&0,3, AI' - 

V U 1 ' -  P 

(with the adnbsion, when computing AM/Yr, that the e r ro r  in the deter- 
mination of t h e  s t e l l m  magnitude of the meteor attains 20.5 ),we 
obtain 

rn 

A& 16 1 2 2 .  

T h i s  means, t h a t  when determining the dens i t ies  of meteor par- 

t i c l e s  by the given method, one may err several  times as a maximum, but 
in no case 100 times or more. 

t e d  value of A w a s  1.21, whereas in r e a l i t y  this,?&nction of t he  para- 
meter p, which varies in the  process of vaporization? Let us turn 
d i r ec t ly  t o  the r e s u l t s  obtained. Let  u6 pause first of a l l  at  the f a c t  
t h a t  the densi t ies  of meteor pa r t i c l ee  decrease with time. Assume that 
t h i s  decrease is linked with the var ia t ion of the parameter A. 
i t  follows from formula (2) t ha t  

'lrr 

Perhaps such r e s u l t s  can be explained by the fact that  the admit- 

Indeed, 

(4) bt 
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i n  the assumption, t ha t  t h e i r  

decrease took place along the 
e n t i r e  path i n  the same fashion 
as i t  did over the port ion where 
the  deceleration is determined- 

t h a t  is, the density at any point of the path 

tant and equzl t o  the initial density &,, i f  
may be estimated for each of the f ive  meteors, comparing the dependences of 
the  form Ig&/& = f ( l g M i  C M f ) ,  obtained according t o  data  of Table 1, with 
the expression ( 1 ; ) .  To that e f f ec t  we plo t ted  the graph6 (Figs. 1 - 51, 
approximited by the most convenient dependences. The results of calcula- 
t i ons  are coapiled in Table 2. 

b i  w i l l  not remain cons- 
.f 2/3. The value of 

'M 1 
't lg 6,169 1 p 1 bo. e C - v -  

1 i - 3.6 lg YJMi 3.1 I 0.54 

6,0--25 j 0.81 

mew, 
I 

1 4  (.M,/M*)-'.rn- 1.0 1'5-2.6 I 0,60 
24 
PI -9.4 Ig MJil€t-O,l 5.7-10 I - - 7 Ig MJMt - 0,3 

42  - 4,3 Ig MJMt 3.5 0,011, 

-2 - o,r u, 
Qii 

Fig.  1 

The dens i t ies  of meteor bodies a t  points of meteor appearance 
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It follows from the Table, that  t o  explain the decrease of meteor body . 
densi t ies ,  the ttparameter" p must be a function of 
take un rea l i s t i ca l ly  high values, which become absurd i n  the case of 
vaporizing noncrushing meteor body. 

and it must 

The thus obtained very l o w  dens i t ies  of meteor bodies, just as 
t h e i r  decrease in the process of vaporitation, can be explained without 
any s o r t s  of complications, provided we postulate  the fragmentation. 
In the f i r s t  approximation we nay assume t h a t  the body dis integrated 
i n t o  n equal parts. The deceleration equation for each separate fragment 
has the form 

The t rue density of t he  meteor body is 

Hense, we may see t h a t  without accounting the fragmentation 
the obtained dens i t ies  si will be underrated by z@ times. Baturally, 
the density of the matter 6* remains constant over the e n t i r e  meteor 
path, while 8. depends on n, which var ies  i n  the process of vaporization. 
If n should increase in time, t h a t  is i f  the fragmentation were progress- 

i ve  or  gradual, 6, would decrease. Such is the case for the f ive  meteors 
brought up. But if n decreased, or somehow fluctuated, 
e i the r  increase o r  vary periodically. Such case6 are also known (see [81 
on page 57) .  

The number n of par t i c l e s  from ( 4 )  and ( 5 )  can be expressed -.E 

a function of mass vmia t ion  

1 

8, would then 

A6 may be seen f rom Tcble  2, P>% f o r  a l l  the investigdted 

meteors and i t  var ies  in the process of  vaporization. I n  the given case 

p characterises only the in t ens i ty  of the  fragmentation process. 
t 
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From ( 6 )  we may obtain the mean dimension of an elementary frag- 
ment (subsequently- noncrushing), i f  we aeeume t h a t  at the end of meteor 
path ( tha t  is at the last measured p i n t ) ,  the meteor body i t s e l f  has 
already completely disintegrated,  while the 
t o  vaporize, 

where I& is 
gous r e s u l t s  

It is found, that fo r  the f ive  

rfzc -6 - = 1 0 - L  10 
a 

the of the meteor body at 

remaining fragnents continue 
investigated meteors 

B1 

the end of the path, Analo- 
were obtained from di f fe ren t  consideratione fn c3, 936 

The question linked with the fragmentation of  meteor bedies may 
be gtudied more s t r i c t l y i f  we s e t  ourselves a dis t r ibu t ion  law for 
crushed fragments by s~a6ses. For example, i t  wa8 shown in 110, 113,  t h a t  
there  are  many cases,inwhich the d i s t r ibu t ion  of l oga r i thm of p a r t i c l e  
dimension6 or of logarit- of t h e i r  maeses is approdmately subject t o  
the G a u s s  d i s t r ibu t ion  law.  An i den t i ca l  ( logarithmically normal) law of 
p a r t i c l e  d i s t r ibu t ion  by massee ua.a obtained in ll23 for a random, inde- 
f i n i t e l y  continuing prooees of pa r t i c l e  fragmentation. In der2-g this 

law, it w a s  assumed,in par t icular ,  t h a t  the rate of par t io l e  f r w n t a t i o n  
ie not a function of the  m a w  of crushing par t ic lee .  I f  this r a t e  should 
e i t h e r  decrease or  increase with the reduction of t h e i r  s i t a e ,  t h i s  law 
would appmently be inapplicable [U]. 
nearer the inversely exponential. 

It vould in all probabi l i ty  be 

If we admit, however, t h a t  fo r  a s w a r m ,  formed by disintegrat ion of 
the main body of mass M, the d i s t r ibu t ion  of particles by masse8 should 
be subject t o  the normal logarithmic l a w ,  the number of a l l  pa r t i c l e s  
would then be 

The expression (7) gives the number of p a r t i c l e s  at eome spec i f i c  
moment of time. The number w i l l  vary in t h e ,  whereas the d is t r ibu t ion  
law will remain the  same. A preliminary calculat ion of fragment*s mean 
mass, taking i n t o  account (7) at 6 W 0.427 [lo], gives a value -1015 g, 
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The vauoritation equation fo r  a body in process of fragmentation 
may be approximately wr i t ten  in the form 

or, taking i n t o  account ( 6 )  

where A is the  heat t r ans fe r  coeff ic ient ;  Q is 
A is the m e a n  coeff ic ient  of shape of fragments 
vapori ta t  ion. 

the  vaporitation heat ; 
par t ic ipa t ing  in the  

It follows from (8) t ha t  the vaporization r a t e  of a meteor bow 
i n  process of fragmentation w i l l  be 8 times higher than tha t  for a 
noncrushing one with an i den t i ca l  -8. 

It ehould be noted tha t  i n  all probabi l i ty  the fragsentation of me- 
t e o r  bodies take6 Place amadYat the paint of meteor appearance on the 
photofilm. The low values of J0 , xor example, as evidence of that (eee 

Table 2 fo r  the  computed value8 
The aerodynamic forces,  t o  which the meteor bodies are  subject at  points 
of appearance, a r e  respectively equal t o  1,6.101: 0.67.101: 0,68.W: 2,4*l(r: 9.8.102 

These pressuresw~al.so computed fo r  other meteors. It is found tha t  they 
d i f f e r  l i t t l e  from one another. Thus ,  f o r  45 meteore (of which 29 were 
obtained in Kiyev C13, 143 and 16 -in Odessa [15] , a t  point of appearance 
we have 

go f o r  the beginning of t ra jec tory) ,  

9,8 10 4 dyne ano2. They are computed a f t e r  the approximate fornmla p . 

T h i s  is evidence of very f r i a b l e  and unstable meteor bodies. For 
comparison we may point out, t h a t  the 

of a eandetone is of 10 dyne emo2. 

durab i l i t y  of a calcareous eolnt ion 
and pumice stone ( a t  s t a t i c  loading) cons t i tu tes  10 7 dyne omo2, and t h a t  

8 

Meteor Path Len&h.- The theo re t i ca l  value of meteor path length 
in the absence of fragmentation can be obtained from the vaporisation equa- 

t i on  *A. 
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dM 1 
2 

Q-&- = - - M p d ,  

or, taking i n t o  account (3)  

Let $be the length of  meteor path from the initial point to 
any i -th point, L - the t o t a l  length of the given meteor (up t o  the 
final point). The atmosphere density corresponding t o  the height Hi, is 

I ' iult iplyhg and dividing t h e  right-hand pa r t  of (10) by exp (-IIi/P). 
where El is the he ight  of meteor appearance, H* is the height of the 
uniform atmosphere , we s h a l l  obtain 

Since HI - = k c 0 8  %, where % is the eenithal distance of 
the radiant,  

Subst i tut ing t h i s  i n t o  (9) ( taking i n t o  account t ha t  Vdt = d k )  
and integrat ing i t  over H from % t o  0 ,  and over % from 0 t o  L, we s h a l l  
obtain 

I n  computing L by this formula we have admitted that Q = 8 *IO1* 
e rg  g-l; 6 = 3 y cxJ, A = 03, AO = lJ1, p = 0,5, H* = (6,s + 8,5) .Ib5 CM (as a 
function of HI). X0, Vo and ZB are known from analysis of photographs. 

Lthear YBB coaputed by (11) for 45 meteor6 C13 - 153 and compared with 
observation data  on Lobs = <HI - Ez) /COB % 
meteor VaI6hbg .  The quantity F =Lobe/$heor, characterizing the decrease 
of the observed meteor length v6 its theore t ica l  value, W e  designate this 
quantity, as formerly, the fragmentation factor ,  The results of the80 

where E2 i8 the height of 
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computations are plo t ted  i n  the form of histograms in Fig .6 .  The 
m a x h t a m  number ef meteors has F M 0.3, with the bulk of meteor body 
lnasses having values from 0 . 1 t o  0.2, while the meteor arariraaa hae a 
m a s s  of -1.0 g. For other values of IBBBS~S P w i l l  be different .  For 
e x a p l e ,  f o r  meteor bodies with massee 
teore  will hate  P = 1.0, and for maeset3 
C16J. Be the  maas inareasee, P w i l l  decreme, t h a t  ie the nu1pbam of 
"fr-nti thg" meteor bodiee will grow. The dependence F (H) b plotted 
in Fig. 7. The fraptentat ion naximurP ( m i a h a m  of P (H) ) %a eurrtahed by 
bodies with masses of -10 6. With fsirther fncreaee of mame the nrmber 
of fragmentizing bodies decreases s t a t i s t i c a l l y r  This h tiaturd, &BOO 

during the t ran6i t ion i n t o  region of coarser bodiee, the as te ro id  matter 
oomponent fs f e l t  s t ronger  and stronger, t h i s  matter be* dene- and 
more resistant t h a t  the matter of comet origin. The dependence of fr-nt- 
at ion f ac to r  on the mas8 is approximated by the function 

of N loo5 45, the maximum of me- 
of N lom3 g it will have P = 0.5 

-1 

F 

Distr ibnt ion Function of Meteor Bodiee ,by Maeeeu, l;&g into 
Account the Frwenta t5on . -  In order t o  derive the d h t r i b u t i o n  funotion 
by maesee, f (M) bn, we s h a l l  take advantage of the fact t73, W e l l  know 
from vieual obeervations, t h a t  the number of metebra growa fn geometrfaal 

progression with the increase of s t e l l a r  magnitude, thae U 
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3.2. 
c 

where A (m) dm is the number of meteors in the range of stellar na&- 

tudes from m t o  m + dm. 

fragmentationm t h a t  is, it will be inversely proportional t o  F (M) [I61 
The i n t e n s i t y  of meteor radiat ion opfll grow with the increme of 

W e  may write  with a precision t o  the sign 

f ( M )  dM = A (m) dm. 

U t i l i t i n g  the Pogson dependence, we may write for meteor of a 8 t r e a m  

From the expression (141, we deternine a = m (If) 

m(M) = -2,s { [ ~ Z f / M ( O ) ] ' F [ - V ( O ) ]  /P(M)), 0 5 )  

where M ( 0 )  is the m a s s  of the meteor body creat ing a aeteor' *om 

(151, and taking in to  account (121, we have 

z 0,011 1nM + 0,021 1 
M+,Tij- -J dm(M) = - i,os - - II 1N 

In  the given case, the d is t r ibu t ion  of meteor boaiee by Wee.) 

taking into account the fragmentation for the meteors of the sh-r 
(U 9c conet), w i l l  have the form 

B 
M' f (Y) dM = - [F' (M) - (0,Oi 1 In Y + 0,Oii 1 pH (M) J dM, ( 16) 

where B is a ce r t a in  constant, F (PI) is given by the expressioa (U) 
s = 1 + 2,5s lg K, z = 1,O. If the dependence (16) iS preseated the d f- 

f (M) dM = BIU-W!, 4.. 



where so is the parameter 6 ,  computed taking into account the fragment- 
ation, we have 

It is easy to see t h a t  ~ 0 2 s .  

Resented in Table 3 are the vaf-ues of so for 8 = 1.508 2.00 en8 
2.50 for various values of the mass, computed by the formula (17). 

T A B L E  3 
1 I "1 

Therefore, when failing to  take into account the frageaentatbn+ 
we systematically underrated the value of the par-ter 8,  and by the 6- 

token, we overrated the role of coareer meteor bodfee* 

Contract Io. IUS-5-4760 Translated by AND= L . E R I ~  
~onsul tants  & Designers, be. 

Arlington, Virginia on 26 and 27 April 1965 
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